Nd-doped phosphate glasses are the preferred gain medium for high-peak-power lasers used for Inertial Confinement Fusion research because they have excellent energy storage and extraction characteristics. In addition, these glasses can be manufactured defect-free in large sizes and at relatively low cost. To meet the requirements of the future mega-joule size lasers, advanced laser glass manufacturing methods are being developed that would enable laser glass to be continuously produced at the rate of several thousand large (790 x 440 x 44mm ) plates of glass per year. This represents more than a 10 to 100-fold improvement in the scale of the present manufacturing technology.
oscillator to drive a series of successively larger single-pass laser amplifiers; this design is the so-called MOPA (for "master oscillator, power amplifier"). Compared to the multi-pass laser design, the MOPA has a number of disadvantages; in particular it is much larger and therefore more costly. The NIF and LMJ multi-pass design is about twenty-times more compact than the MOPA.
The multi-pass design uses a temporally and spatially shaped output pulse from a preamplifier section to inject into a large aperture laser cavity (about 40x40 cm2). Two high reflectivity mirrors define the ends of the laser cavity which contains a series of power amplifiers and an optical switching device (Fig. 1) . The injected pulse multi-passes back-and-forth through the laser cavity and is amplified on each successive pass through the amplifiers; the small signal gain on a single pass through n slabs is about 1 .27n 3,6 Both NW and LMJ use four passes through the main cavity to achieve a total energy in excess of iOn. The optical switching device consists of a pockels cell and polarizer 7 that is used to switch the pulse in and out of the cavity. The major difference in the two designs is that the NIP uses a single, full-aperture pockels cell and polarizer that directly reflects the beam out of the cavity on the final pass. The LMJ on the other hand does not use an active switch to control the polarization of the beam during the multi-pass operation. Instead a series of small aperture mirrors is used to confine the beam to the cavity for the second and third pass; on the fourth pass the beam propagates through the cavity at a slightly differ angle and thereby avoids the small cavity end mirrors and exits the amplifier cavity.8 Once the beam is switched out of the main laser amplifier cavity, it propagates to the target chamber where it is frequency converted to the third harmonic (351 nm) and finally focused onto the target. In the case of the NIF the beam also passes through a "booster" amplifier as it propagates to the target chamber; the booster increases the output energy by about a factor of two. The LMJ doesn't use a booster amplifier but has more slabs in the main laser amplifier cavity.
Both the NIF and LMJ use a compact laser amplifier design called the "multi-segment amplifier" (MSA).9"° These amplifiers consist of a stacked-array oflaser glass plates inside a flashlamp pumped cavity (Fig 2) . By using square apertures (i.e. square beams) it is possible to tightly pack the individual laser glass amplifiers into a compact matrix and therefore greatly reduce the size and cost of the system. This design requires that the laser glass be manufactured in large rectangular plates. Note that although the laser aperture is square the laser plates are rectangular because they must be mounted at an angle (Brewster's angle) to the propagation direction of the beam. Mounting the glass at Brewster's angle minimizes the Fresnel reflection losses at the surfaces of the glass plates. In addition mounting at an angle increases the coupling efficiency of the flashlamp pumping process by increasing the area exposure to the lamps. Erlandson et al 1O11have recently described in detail the design and operating characteristics of flashlamp pumped multi-segment amplifiers. The measured small signal gain coefficient is typically about 0.05/cm and the stored energy density about 0.25J/ cm3 for phosphate laser glass doped at about 3.5x l020/cm3 and pumped at a lamp explosion fraction of 0.20.
The LMJ and NJF both have a total of 1 8 power amplifiers for each beamline . The two systems however differ in their distribution of amplifiers between the cavity and booster locations; the LMJ uses an even distribution of 9 and 9 slabs in the cavity separated by a spatial filter whereas the NIP uses 1 1 slabs in the cavity and 7 slabs in the booster.'2 Because all the laser amplifiers are located in the cavity, the LMJ also uses a full aperture pockets cell and a polarizer to suppress parasitic oscillations.
The operating fluence and irradiance of the NW and LMJ are higher than any current ICF laser system and approach peak fluences in the laser glass of up to 18 to 20J/cm2 and a peak irradiance of about 5.0 GW/cm2 (3.6 ns effective pulse width). To avoid any optical damage the laser glass must be free of defects, specifically any microscopic inclusions of refractory materials (either metallic or ceramic) left from the melting process.
A prototype laser closely resembling one of the NW and LMJ beamlines has recently been built and tested 6• laser, called "Beamlet", uses 1 1 amplifiers in the main cavity and 5 in the booster section. A series of twenty large phosphate glass plates (767x428x44 mm3) having a doping of 3.5 x 1020/cm3 were produced for this 14 (Fig 3) . Although slightly smaller than required for LMJ and NIF, these prototype glass plates were made to nearly identical specifications as required for the NIP and LMJ. Therefore, to a great extent, the quality and size of the laser glass pieces needed for NIP and LMJ have been demonstrated. However, what remains now is to develop the manufacturing capability for producing a large number of these glass plates at a high rate, at the same high quality and at a significantly lower cost. The remainder of this manuscript describes the properties of the laser glasses we will use and our joint efforts at the laser glass manufacturers to develop low cost glass production methods. The NIP and LMJ lasers require a very large number of high quality, high damage threshold optical components. To meet the needs of both lasers, a total of about 9000 laser glass plates need to be produced (Table 1) at the rate of about 1000 to 1500 per year. This is a technological challenge both because of the total volume of high optical quality glass that is needed as well as the large dimensions of the individual glass plates. The dimensions of the slabs are about 440x790x44 mm3 (i.e. 15.3 liters). (Note: all glass dimensions used in this article refer to the prefinished glass size that is then supplied to the final finishing vendors). Also the technical specifications of the laser glass (as discussed in a later section) are equivalent to or exceed those of any laser glass that has previously been produced. Every effort is being made to keep the dimensions and specifications of the slabs identical for the NIF and the LMJ to minimize the overall production costs. Our cost goal is to manufacture the laser glass for about $l000fliter ( $350/kg); this is roughly a factor of three lower than the cost with the current small scale production methods. Given the size of the laser glass order, this level of cost reduction represents a cost savings of about $200 to 300 million over the price that could be achieved with current manufacturing methods. To meet the performance criteria for the NIP and LMJ, the laser glass must meet a number of key requirements . Perhaps the four most important requirements are:
. high net gain, . efficient energy storage at a high energy density, . efficientextraction of the stored energy and
. high optical quality to allow the light to propagation with little or no wavefront aberration.
Unfortunately, some of these required characteristics of the laser glass are strongly interrelated. For example, to achieve a high gain and efficient energy extraction it is desirable to have a high Nd emission cross-section. However to achieve high storedenergy densities generally lower cross sections are desired. The interplay of the various laser glass properties is quite complex and beyond the scope of this paper; therefore we refer the reader to other sources for more a more detailed discussion of these issues. 1549 In this paper we will confine our discussion to the specifications for the NIF and LMJ glass and describe how the different processing steps or glass characteristics affect these specifications. For reference, Table 2 provides a summary of the key specifications.
To achieve a high net gain the laser glass must first have a high gain coefficient. This gain coefficient is a property of the glass and is not generally affected by the processing conditions. However the net gain is a function not only of the gain coefficient but also the losses in the glass which are generally strongly process dependent. The net gain is described by the simple equation:
where G is the small signal gain, z the laser glass path length (cm), g the gain coefficient (cm') and a the transmission loss coefficient (cm). The major transmission losses in laser glass come from impurities that absorb at 1054 nm. These impurities may originate from the glass raw materials, the melter refractory or both. We have specified an unpumped absorption loss of less than 0.0019 cm' at 1054 nm and have found (based on the Beamlet slabs) that the glass is generally less than 0.0010 cm1 14 Note that a major fraction of the loss for the unpumped glass is due to ground state absorption by the Nd. During flashlamp pumping this absorption loss becomes negligible because essentially all the Nd is in the excited state. The average gain coefficient across the laser slab is measured to be about 0.05 cm' when pumped at a flashlamp power equivalent to 20% of the explosion limit of the lamp (this is typically stated as a lamp explosion fraction of 0.20). Therefore, the gain-to-loss is typically at least greater than 25: 1 and generally greater than 50: 1 .To achieve these low loss levels requires the use of very high purity raw materials as well as high purity, low corrosion rate melter wall materials. In addition, extensive quality assurance procedures must be in place to insure the purity of these materials. We have also carried out careful measurements to determine the loss coefficients for the most prevalent and highly absorbing impurities. 20,21
A second potential loss source is due to birefringence in the glass due to residual stresses. The birefringence induces some small depolarization in the highly polarized beam. This depolarized light is reflected out of the beam by the Brewster angle slabs and the cavity polarizer. In addition small levels of depolarization can degrade the performance of the frequency conversion crystals. The specified birefringence is less than 5 nm/cm with a goal of less than 0.5 nm/cm; to meet this specification requires that the laser glass be slowly and carefully annealed. Considering the large number of slabs to be produced it will be impractical to use the standard annealing methods for the NIF and LMJ glass. Therefore, improve annealing methods are being developed that are designed to reduce the cost and time of final annealing to the specified birefringence level.
Another potential source of transmission loss is due to solarization. Solarization refers to the absorption loss due to the generation of color centers by the UV irradiation from the flashlamp pump light. We use Ce-doped fused silica flashlamp envelopes to reduce the UV component reaching the laser glass. Our specification is that the laser glass must not show increased absorption loss due to solarization when pumped indefinitely by the flashlamps.
The second key characteristic of the laser glass is its energy storage efficiency. Optimum energy storage efficiency is achieved by using the proper Nd doping level plus maximizing the Nd fluorescence lifetime. As a general rule, higher doping levels lead to more efficient capture of the flashlamp irradiation and longer fluorescence lifetimes give higher stored energy densities. When evaluating these two laser glass characteristics it is important to realize that one (the doping level) is largely process independent whereas the other (fluorescence lifetime) is strongly dependent on the melting process. The Nd-doping level is specified based on a combination of computer modeling and laboratory tests of amplifier performance. The doping level is not directly affected by the laser glass melting process with the possible exception of changes caused by evaporative losses during melting. However this latter effect can be easily compensated for by adjusting the batch composition of the laser glass. In contrast, the fluorescence lifetime is strongly affected by the glass processing conditions and thus it is tightly specified. Although the laser glass has an intrinsic lifetime that depends on the glass composition and structure, the lifetime is also strongly affected by impurities that may enter the glass during processing. In particular transition metal ions and -OH groups can cause significant non-radiative relaxation. Contamination by transition metal ions has generally not been a problem because of the high purity raw materials that are required to meet the transmission specification. Water (i.e.-OH) contamination on the other hand can be a large problem because of the hydroscopic nature of meta-phosphate laser glasses. To achieve the maximum fluorescent lifetime we specify that the hydroxyl content be no more than about 60 ppm. This is expressed as an absorption of less than 2.0 cm' at 3000 cm' (3000cm' corresponds to a strong -OH stretching band). To illustrate the effect of small concentrations of -OH on laser performance, we note that hydroxyl concentrations as low as 60 ppm can produce a 1 5,ts decrease in the fluorescence lifetime corresponding to a 1% drop in laser performance. Given the cost of the LMJ and NIP laser facilities, even a few percent drop in performance translates to a significant cost penalty.
One other contaminant that enters the glass during melting and can effect the energy storage efficiency is ionic platinum. Platinum lined vessels are often used for melting the optical glass because of the excellent corrosion resistance of this refractory metal (compared to ceramic ri'3 The majority of the Pt that enters the melt is in the form of ionic platinum (presumably Pt 4+) although some small amount of metallic Pt also occur (this is discussed in more detail below). Ionic Pt absorbs in the near UV although the tail of the absorption band extends into the visible giving noticeable absorption near 400 nm. This absorption blocks some of the flashlamp irradiation and reduces the pumping efficiently. We specify that the 400 nm absorption due to Pt not exceed 0.25 cm'; this corresponds to a Pt concentration of less than about 150 ppm.
The third critical characteristic of the laser glass is the energy extraction efficiency. Energy extraction from the glass is most efficient at high laser fluences, particularly fluences in excess of twice the saturation fluence (F):
where h is Planck's constant (J.s), Vthe laser frequency (Hz), and c the emission cross-section (cm2). The emission crosssection is a function of the glass structure. Having a glass with a high emission cross-section is desirable because efficient extraction can be achieved at lower fluence reducing the chance of laser induced damage to the optic. The important point however is that extraction efficiency depends largely on the intrinsic glass properties and the laser design and not on glass processing conditions. Therefore specifications for the laser glass process do not impact extraction efficiency.
The fourth critical property of the laser glass is its optical quality. This is strongly dependent on the processing conditions and therefore many of the specifications deal with this aspect of the glass product. There are three characteristics of the glass that impact optical quality:
. optical homogeneity . inclusions . bubbles
Optical homogeneity refers to the refractive index variation in the optical material and for laser glass this is typically about 1 ppm (i.e. tn = +1-1 x 106). The homogeneity is typically specified in terms of a maximum amount of allowed aberration due to sphere, coma, astigmatism and a smaller amount of higher order terms (see Table 2 ). For NIP and LMJ we intend to keep this same specification. However the final, finished (that is, polished) laser glass will be specified by using a more sophisticated procedure designed to monitor aberrations at specific spatial frequencies that are known to seed non-linear-growth of intensity noise in the laser beam.
The homogeneity of the laser glass is critical in order to maintain wavefront unifonnity of the laser beam. Recall that there are a total of 1 8 laser slabs in the laser beamline and during the four passes through the amplifier chain the beam passes through the equivalent of 72 laser slabs. Therefore even small optical inhomogeneities can lead to significant wavefront aberration in the output of the beam potentially causing significant degradation in both frequency conversion and focusability of the beam.
Inclusions from ceramic refractory materials, undissolved raw materials, Pt metal, crystallites or impurities can cause optical damage in the glass when exposed to high laser fluences. The most common inclusion source is metallic Pt inclusions from the Pt liners used in the melting system. Improved processing conditions have lead to a dramatic reduction in Pt inclusions in recent years such that the average inclusion density is less than 0. 1 per liter of glass or less than an average of 1 -2 per glass slab. 22, 23 Inclusions in the laser glass typically damage at about 2-5 J/cm2 at the NIP and LMJ pulse lengths. ' Although very small to begin with, inclusion damage can grow with successive laser shots to several millimeters or even centimeters in size making the laser glass unusable. Also large damage spots (> 150 pm) in the laser glass can seed damage in other optics in the laser chain. In general, if the inclusions are small they can be tolerated as long as the optical damage they produce does not exceed 150 im in size .This is the basis for the specification given in Table 2 . Currently we scan each piece of laser glass with a high fluence laser beam and measure the size of any damage site after 100 shots at fluences between 7 to 14 J/cm2 (8ns). 24 If the size remains below the size specified in Table 2 then it is acceptable.
The laser glass bubble specification is based on two requirements: first to reduce the amount of light loss due to the obscurations caused by the bubbles and second to keep the size below a certain value that may induce non-linear growth of intensity noise. The obscuration loss is not to exceed 0.01 % of the beam aperture per slab and therefore sets the total number of bubbles of a given size allowed in any given slab. The maximum size bubble allowed is currently 100 jim. The diffracted light from bubbles that exceedlOO jim can, at high intensities, imprint a holograph diffraction pattern in the next optic that in turn will bring that portion of the beam to focus at another downstream optic and potentially damage it. Because of the regular spacing of many of the optics in the laser chain this non-linear imaging effect could lead to propagation of laser damage throughout the beamline. In general, bubble have not been a significant problem for laser glass. For example, 19 of the 20 Beamlet slabs had no bubbles at all. Similar results were observed for the Nova and Phebus laser glass disks. 
Properties of the NIF and LMJ laser glasses
Laser glasses are specially formulated to give the desired laser, optical, thermal-mechanical and physical-chemical properties needed for a specific laser application. Some of these properties are strongly affected by the processing conditions (as discussed in the preceding sections), however, most are controlled by the base glass composition.
We have chosen two glasses for use on the NIF and LMJ that meet the gain, energy storage, extraction efficiency, and damage resistance requirements: LHG-8 (Hoya Corporation) and LG-770 (Schott Glass Technologies Inc.). LHG-8 is the same glass that was used on the Nova and Phebus lasers, however, LG-770 is a new formulation developed to replace LG-750 (LG-750 was used on Nova, Phebus and Beamlet).
The key properties of these laser glasses are summarized in Table 3 . The importance of these properties for ICF high-peak power applications has been thoroughly discussed in the literature. 15,16,25,26 In addition a number of recent studies have focused on developing an understanding and quantitative relationships between phosphate glass compositions and desired laser glass properties.17'9 Consequently, we will not discuss laser glass properties further here. of Rochester]) were manufactured using a one-at-a-time, discontinuous melting process. In this section we briefly compare and contrast this older manufacturing method with the advanced processes now under development for NIF and LMJ. These advanced laser glass melting processes are being developed separately by Schott Glass Technologies (Duryea, PA) and Hoya Corporation (Fremont, CA) under work funded jointly by the Lawrence Livermore National Laboratory and the Centre d' Etudes de Limeil-Valenton. Many of the details of the manufacturing process are highly proprietary to each company. Therefore we give only a generic description of the process. Nevertheless, this description will hopefully give an idea of the level of progress in manufacturing technology that has already occurred or is envisioned to occur as a result of the NIP and LMJ projects.
Current Technology: Discontinuous Melting Process
In the first step of the discontinuous process, a cullet glass is made by melting the raw starting materials. The cullet glass is usually melted in a relatively inert ceramic refractory crucible, and a bubbling gas is often added to remove unwanted volatile products, particularly water. The cullet melt is cast and then broken into smaller pieces. The cullet is generally full of bubbles, striae, and possibly some small particles of undissolved starting material.
The glass produced from the cullet melt is used in the final melting step which is conducted in large platinum crucibles. During this second melt step, the glass is homogenized to provide the striae-free, high optical quality glass necessary for laser applications. This homogenizing process involves two stages. 27 The first is a refining or "fining" process conducted at high temperatures where the viscosity of the glass is low, allowing bubbles to rise to the surface. The second stage is a stirring process which is generally conducted at temperatures lower than either the melting or the refining stages. The continuous mixing thoroughly distributes all components within the glass melt, eliminating striae and thus ensuring uniformity of the refractive index over the entire casting. Finally, the melt is cooled to a temperature such that the viscosity of the glass is proper for casting into a mold of the appropriate size and shape. After casting, the glass undergoes a coarse annealing step, is inspected for inclusions and striae, and then is fine annealed to remove residual thermal stresses due to the forming process.
Advanced. Technology: Continuous Melting Process
In contrast to the discontinuous process, the advanced glass melting process will continuously produce large rectangular plates oflaser glass at the rate that could exceed 20 per day. A continuous melting system for optical glass is generally divided into four main processing 28 (Fig 4) : (1) melting, (2) conditioning and refining, (3) homogenization and (4) forming. These regions are interconnected allowing for the continuous flow of glass from one zone to the next. The glass is cast as one continuous "strip" during the forming process; this strip is then cut to the desired length once it has been coarse annealed. Unlike the discontinuous process, the raw material will feed directly to the melter eliminating the need to make a cullet melt.
Both manufacturers will use advanced processing conditions designed to minimize the formation of Pt inclusions in the laser glass. Prior to 1986, Pt inclusion damage represented the major source of damage in laser glass used for high peak power applications. However new processing methods effectively reduce the Pt inclusion concentration by more that 1000-fold to fewer than an average of 1 to 2 per laser glass plate (i.e. less than 0.1 per liter) 22.23; our experience shows that approximately half the laser slabs have no detectable inclusions. 13,14
Once the laser glass has been melted and formed into plates, there remains a number of other process steps before the glass can be shipped to the final finishing vendor. Specifically the laser glass needs to undergo pre-fabrication into a size suitable for inspection for striae and Pt inclusions. Following this the glass in slowly annealed to remove any residual strain; this process alone can take many weeks. Finally the glass is fabricated to the final dimensions required by the polishing vendors, inspected for homogeneity and prepared for shipping. Research is under way to develop advanced inspection techniques and/or reliable statistical inspection methods that will reduce the time and cost for inspection.
Significant progress has been made in developing the continuous processing method for production of laser glass. Hoya Corporation (Fremont, Ca) has design, built and tested a sub-scale melter that has melted and formed laser glass into a continuous strip ranging in size from initially a cross-section of 130x18 mm2 to more recent runs at 28 x 240 mm2 (see Fig 5) . During these runs several tons of laser glass were produced.
Schott Technologies Incorporated (Duryea, Pa) is also designing a continuous laser glass melting system and has done a demonstration run of continuous forming of glass at the size required for NIP and LMJ (Fig 6) . The glass shown in the figure Figure 3 . Photograph of a phosphate laser glass plate manufactured for the Beamlet prototype laser
The size and doping level of this glass is nearly identical to the LMJ and NIF.
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Raw Discontinuous laser glass melting process
Step 1
Step Our goal is to complete the planned three years of process development work by the end of 1997 (see Figure 7 ). The development effort will be culminated by a demonstration run at each vendor to validate their continuous melting concept. If the processes are successful, about one year is needed to set-up the full-scale production system and another one year is planned for the "pilot" production of about 10% of the glass needed. The results for the pilot run will be used to establish yield and costs. In addition, the glass from the pilot run will be used by the finishing vendors to demonstrate the advanced laser glass finishing and polishing methods to be used in final production. Since the N1F construction will occur earlier than that of the LMJ, then the first stage of laser glass production will be primarily for that facility. The production of the NIF will take place over three years at a rate of about 1200 slabs per year. This production will be followed by the LMJ production that will last 6 years. On the third year of production the NW and LMJ may overlap somewhat causing a short term increase in the annual production rate. . The LIL will consist of 8 beams identical to those on the LMJ (which contains 240). The LIL will also contain a target chamber to conduct plasma physics experiments at third harmonic (35mm) energies of up to 6OkJ on target. The first goal of this laser is nevertheless to validate the design of the LMJ including the performance of the various laser components and optics.
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